INTRODUCTION
One-dimensional noble metal nanowires NWs have attracted considerable interest due to their unique electrical, optical, and magnetic properties 1, 2 . Fabrication methods for noble metal NWs are mainly based on template assistance 3 , nanoparticle assembly 4 , surfactant mediation 5 , and physical deposition 6 . However, the resulting noble metal NWs are polycrystalline with relatively large diameters 5 nm , and rough surfaces 2 . Self-assembled organic architectures of amphiphilic compounds have been used extensively as soft templates for the construction of nanomaterials with various shapes 7 . Recently, the Xia 8 , Yang 1 , and Ravishankar 9 research groups, and others 2 have successfully fabricated ultrathin and straight single-crystal Au NWs with diameters of 2 nm by the soft template method. In all these reports, oleylamine was used as the key material for the soft template, however, a quite high concentration 4 wt of oleylamine was required to obtain the ultrathin Au NWs. The environmentally friendly point of view requires developing a synthetic method using a much lower concentration of capping agent. Furthermore, the lower concentration method should promote more nanowire catalyst applications, because it would provide a convenient ligand exchange method desired capping agent and easy removal of excess capping agent from the resulting nanowires.
Previous work 10 has shown that an amphiphilic compound bearing two amidoamine groups C18AA; Fig. 1a acts as a low molecular weight organogelator, because C18AA molecules in apolar solvents assemble into a lamellar aggregate derived from the hydrogen bonding network of the amide groups. We also demonstrated that the lamellar structure in the organogel of C18AA enabled the preparation of ultrathin Au NWs with a diameter of 2 nm and length of a few micrometers. In this paper, in order to obtain high performance organogelators with lower minimum gelation concentrations MGC , we synthesized new organogelators C13A2AA and C17A2AA Figs. 1b and c having similar molecular structures as the previous organogelator of C18AA by introducing an additional amide group into the long chain of C18AA. We then investigated the effect of the additional inserted amide group on MGC, their molecular structure in organogels and their performance as a soft template for ultrathin Au NWs.
Abstract: Two kinds of long-chain amidoamine derivatives (C13A2AA and C17A2AA) bearing three amide moieties and terminal amine moieties were synthesized and their gelation abilities in apolar solvents were compared with the previously reported amidoamine gelator containing two amide moieties (C18AA Commercially available reagents and solvents were used without further purification, except methyl acrylate Kanto Chemicals , which was purified by distillation under reduced pressure in a nitrogen atmosphere, and octadecylamine, which was recrystallized two times from hexane.
Synthesis of C17A2AA and C13A2AA
For the synthesis of C17A2AA, 8.3 mmol of methyl stearate was added to 0.20 mol of ethylenediamine in 15 mL of dehydrated methanol. The solution was stirred at room temperature for 10 days. After removal of the solvent by evaporation and freeze-drying, excess methyl stearate and ethylene diamine were removed by recrystallization from methanol, yielding octadecanoic acid 2-amino-ethyl -amide C17A2N . Yield: 95 .
0.17 mol of methylacrylate was added to 8.3 mmol of C17A2N in 15 mL of dehydrated methanol. The solution was stirred at room temperature for 3 days and then the solvent and excess methylacrylate were removed from the solution by rotary evaporation. 3-2-methoxycarbonylethyl -2-octadecanoylamino-ethyl -amino -propionic acid methyl ester C17A2OMe was obtained. Yield: 95 .
0.20 mol of ethylenediamine and 8.3 mmol of C17A2OMe were dissolved in 15 mL of dehydrated methanol and the mixture was stirred for 2 weeks at room temperature. After removal of the solvent and ethylenediamine by rotary evaporation and freeze-drying, tetradecanoic acid 2-bis-2-2-amino-ethylcarbamoyl -ethyl -amino -ethyl -amide C17A2AA was obtained as a white solid. 
Gelation test
The gelator and solvent were mixed in a test tube and heated until the solid was completely dissolved. The solution was allowed to cool to room temperature. After a few hours, when the solution appeared as a solid-like aggregate, the test tube was turned upside down. The aggregate was considered to be a gel if it was completely immobilized.
Characterization of gels
XRD measurements were performed using an Ultima IV Rigaku Co. diffractometer. Samples were prepared by freeze-drying 2 wt toluene gels.
Fourier transform infrared spectra were taken with a Nicolet 6700 FT-IR spectrometer Thermo Fisher Scientific equipped with a MCT detector with a resolution of 4 cm 1 .
In the FT-IR measurements, a demountable liquid cell with a CaF 2 window was employed for the toluene-d 8 gels. For each spectrum, 1000 scans were recorded and averaged. Second-derivative spectra were obtained using OMINIC ver. 7.0 Thermo Fisher Scientific following the SabitskyGolay method. Curve fitting was performed by OMINIC software as a linear combination of Gaussian-Lorentzian components.
The tube with the gel was immersed in liquid nitrogen until the sample was frozen. The frozen sample was dried under vacuum. The dry gel xerogel was then subjected to Au-Pd sputtering by a Hitachi E-1010 sputter coater. SEM organogelation and soft-templating for Au nanowires of amidoamine derivatives was performed on a JCM-5700 scanning electron microscope JEOL .
Preperation of ultrathin Au NWs
HAuCl 4 was added to C18AA or C17A2AA-toluene 0.2, 0.5, 1.0 and 2.0 wt and heated at 55 . A 1 M THF solution of LiEt 3 BH as a reducing agent was added to the mixture, which was then left for 8 hours at 55 without stirring.
RESULTS AND DISCUSSION
C13A2AA and C17A2AA did not show gelation ability in polar solvents such as water, methanol and chloroform, but did cause gelation in benzene and CCl 4 . The gelation ability in various solvents is summarized in Table 1 . The minimum gelation concentration MGC values for toluene were 0.6 wt for C13A2AA and 0.2 wt for C17A2AA, while that for C18AA was 0.8 wt . Here, MGC values of C13A2AA and C17A2AA were lower than that of C18AA. However, MGC values do not reflect the true gelation ability, because the value is strongly affected by gelation ability and molecular weights of the gelators and solvents. We then calculated the gelation number GN: a molar ratio of solvent to gelator 11 , and listed the evaluated values in parentheses below the MGC values in Table 1 . The GN value of 897 for C13A2AA toluene gel was slightly larger than that for C18AA toluene gel, while the GN value for C17A2AA toluene gel of 3005 was more than 4 times larger than that of C18AA, indicating that C17A2AA has a higher ability to hold solvent molecules, and is superior in organogelation ability to C18AA. Note that GN of C17A2AA is comparable to conventional high-performance organogelators 12 . Thus, we found out that the gelation ability of amidoamine derivatives was greatly affected by the alkyl chain and amide moieties, i.e., longer alkyl chain or inserted amide moiety brought the higher GN value.
Characterization of toluene gels
XRD measurements were carried out to evaluate the structures of C13A2AA and C17A2AA in toluene gels. Periodical peaks at 1.89 , 3.90 and 7.85 for C13A2AA toluene gel and at 1.75 , 3.47 , 4.92 and 7.03 for C17A2AA toluene gel were observed in the XRD charts. The appearance of the periodical peaks indicates that C13A2AA and C17A2AA in the gels assemble into an ordered lamellar structure with the d spacing of 4.66 nm and 5.06 nm, respectively Fig. 2 longer than the corresponding molecular length, but less than double the molecular length, thus the hydrocarbon chains of C13A2AA and C17A2AA in the lamellar structures must be in an interdigitated state. The molecular assembly structures of C13A2AA and C17A2AA in the gel are the same as that of C18AA 10 , indicating that the insertion of the additional amide group into C18AA did not affect the molecular packing in the gel. However, the degree of the penetration of the alkyl chain portion differs in each sample, because the d spacing of C18AA, which has almost the same molecular length as C13A2AA, was a much shorter value of 3.74 nm than C13A2AA. In other words, the degree of the penetration of the alkyl chain for C13A2AA was lower that that for C18AA. This is probably due to a steric effect derived from the inserted amide group, which would hinder the penetration of the alkyl chain of C13A2AA. Next, we recorded FT-IR spectra of the toluene-d 8 gels of C18AA, C13A2AA and C17A2AA. Bands observed at around 3300, 2920, 2850, 1640 and 1550 cm 1 Fig. 3a and Table 2 are assigned to the amide A, antisymmetric and symmetric CH 2 stretching modes, and amide and bands, respectively. It is well known that antisymmetric and symmetric CH 2 stretching bands are sensitive monitors for the alkyl chain state. The appearance of bands at 2920 and 2850 cm 1 indicated that the alkyl chains of the gelators were in a highly ordered state and strongly organized through hydrophobic interactions 13 . Furthermore, the peak positions of the amide A and I bands revealed that the amide groups of both gelators were linked through hydrogen bonding 14 .
Interestingly, the amide A and I bands for C13A2AA and C17A2AA toluene-d 8 gels were a doublet Fig. 3a and Table  2 , while those for C18AA were a singlet. The appearance of the doublet is probably due to the contribution of the additional amide groups inserted into the alkyl chains for C13A2AA and C17A2AA, and implies that the hydrogen bonding state of the amide group located next to the alkyl chain is different from those of the hydrophilic part. To obtain detailed information about the hydrogen bonding states in the C13A2AA and C17A2AA gels, we performed curve fitting for the amide A band. The second derivative spectra and the resulting fitting profiles are shown in Figs. 3b and c. The amide A band was resolved into two components located at 3309 and 3290 cm 1 for C13A2AA and at 3310 and 3282 cm 1 for C17A2AA. The former band at 3310 and the latter band at 3290 were assigned to weak hydrogen-bonded and strong hydrogen-bonded amide groups, respectively 14 . The area ratio of the weak hydrogen bond to the strong hydrogen bond was 0.50 for C13A2AA and 0.55 for C17A2AA. Thus, the strong and weak hydrogen-bonded bands are found to be derived from the two amide groups in the hydrophilic portion and the amide group inserted in the alkyl chain, respectively. Furthermore, as shown in Table 2 , the amide A band peaks for C17A2AA and C13A2AA were observed at same or lower wavenumbers than that for C18AA, indicating that the hydrogen bonding of three amide groups for the former are same or stronger than that of two amide groups for the latter. Thus, the insertion of the amide group in the alkyl chain influenced the strength of the hydrogen bonding between the gelators, resulting in improvement of the gelation ability.
3.3 Synthesis of ultrathin Au NWs at a low concentration of C17A2AA In the previous section, we demonstrated that C17A2AA has a high gelation ability and can make an organogel in toluene at a low MGC value of 0.2 wt . We then tried to synthesize ultrathin Au NWs in C17A2AA toluene gel. Figure 4 shows TEM images of the products obtained from C17A2AA 0.3, 0.5, 1.0 and 2.0 wt , compared with those obtained from the corresponding concentration of C18AA as shown in Fig. 5 . In the C17A2AA system, ultrathin Au NWs with a diameter of 2 nm and length of a few micrometers were successfully prepared even at a lower concentration of C17A2AA , 0.3 and 0.5 wt , although no Au NWs were formed at the corresponding concentrations of C18AA. In case of C18AA, the ultrathin Au NWs were able to prepare on the lamellar structure of C18AA aggregates in the organogel at higher concentrations of 1.0 and 2.0 wt . However, no ultrathin Au NWs except for Au NPs were obtained at lower concentrations of 0.3 and 0.5 wt , because these concentrations were below MGC of 0.8 wt and consequently there is no existence of the lamellar aggregates acted as the soft-template in the system. On the other hand, since C17A2AA showed the quite low MGC value of 0.2 wt , the lamellar structure of C17A2AA aggregates should remain even at a lower concentration. Accordingly, we can prepare the ultrathin Au NWs in C17A2AA toluene gel at lower concentrations of 0.3 and 0.5 wt , namely, we demonstrated that C17A2AA has an outstanding capacity as a soft template for Au NWs.
CONCLUSION
We have demonstrated that low molecular mass gelators of C13A2AA and C17A2AA bearing three amide moieties had excellent organogelation ability derived from the strong intermolecular hydrogen bonding induced by the additional amide moiety. In particular, C17A2AA had a quite low MGC value of 0.2 wt . Furthermore, C17A2AA in a toluene gel acted as an outstanding soft template of ultrathin Au NWs, and ultrathin Au NWs with a diameter of 2 nm could be prepared even at a lower concentration of 0.3 wt . This low concentration condition of capping agent is very useful for synthesis and applications of nanomaterials, because it is easy to remove the excess capping agent and exchange it with another desired capping agent.
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